Abstract: Soft clays are widely distributed in Missouri, United States. Due to their relatively low strength and high compressibility, subgrade construction in soft clays has encountered many difficulties. In recent practice, the use of fly ash (FA) along with lime to tackle soft subgrade problems has shown promising results. The effectiveness of Class C FA and lime kiln dust (LKD) in clay subgrade stabilization is examined in this research. Scanning electron microscopic (SEM) analysis, proctor compaction tests, unconfined compression tests, and resilient modulus tests were carried out on the FA and LKD modified soil mixtures. Test specimens were prepared at optimum water content and tested at various curing periods. The test specimens were reconstituted by static compression. Test results revealed that the addition of Class C FA could increase the dry unit weight of the FA treated soil, enhance the unconfined compressive strength, and improve the resilient modulus. Regression equations were developed to correlate the resilient modulus with curing time. The mechanism of FA stabilization was discussed based on the SEM results and the measurement of the electrical conductivity of the FA-soil-water system. Correlations between the unconfined compressive strength and resilient modulus were developed. It is concluded that subgrade stabilization with Class C FA and LKD are cost-effective for road-base construction.
Introduction
High-plasticity clay (CH) is the most predominant surficial soil in the middle counties of Missouri, United States. Subgrade construction work on those alluvial depositions along the Mississippi River and Missouri River has encountered many difficulties, for example, when the soil is above the optimum water content, low strength and high compressibility exhibited. It has been reported that pumping or draining was not cost-effective in these areas; hence, other soil treatment methods are highly desired in order to deal with the wet, soft soils. Recent years, the Class C fly ash (FA) was found beneficial in soft soil stabilization due to its excellent self-cementing characteristics (e.g., Vasquez and Alonso 1981; Ferguson 1993; Misra 1998; Zia and Fox 2000; Edil et al. 2002; Pandian and Krishna 2003; White et al. 2005; Moghal and Sivapullaiah 2011) . The FA treated soil is typically strong and stiff and the plasticity and shrink-swell potential can be reduced as well (e.g., Sobhan and Krizek 1998; Cokca 2001; Puppala et al. 2003; Mohammad et al. 2006; Wen et al. 2010) . Other than the Class C FA, the addition of lime kiln dust (LKD) in soil was found to increase the CBR value, improve the summary resilient modulus (SMR), and lower the plastic strains (Cetin et al. 2010) . It was reported that LKD could be used together with quick lime for effective municipal sludge pasteurization and stabilization (Heckel and Wahab 1996; Burnham et al. 1992) . The LKD has also been successfully used in the stabilization of subgrades, improvement of resilient modulus, and enhancement of the unconfined compressive strength (UCS) (Daita et al. 2006; Solanki et al. 2010) .
Large amount of FAs are generated each year by the electrical power plants as a byproduct. The management of this byproduct is always a big issue. Only about 20-30% of the generated FA has been used, mainly as additives in cement and concrete as replacement materials. The rest is abruptly disposed in landfills and surface impoundments (Alavrez-Ayuso et al. 2008) . Due to the different chemical compounds, FAs are normally classified as Class C and Class F based on the ASTM C618. Class C FA contains high portion of calcium and exhibits self-cementing when mixed with water (e.g., Parsa et al. 1996) . Class F FA has no self-cementing and is normally used together with lime or other additives in ground improvement and stabilization. Several researchers including Saylak et al. (2008) , Lloyd et al. (2009) , Horpibulsuk et al. (2009) , and Shon et al. (2010) studied the stabilization mechanism of Class C FA. The hardening process of the mixture is primarily attributed to the short-term and long-term effects. Short-term effect takes place immediately as the FA is blended with soil. The long-term strength gain is due to the hydration of cementatious material and the pozzolanic reaction because high quantities of lime (CaO), silica dioxide (SiO 2 ), and alumina trioxide (Al 2 O 3 ) are contained in the FA. LKD is a byproduct from portland cement manufacturing process. It is estimated that about 2.5 million tons of high-calcium LKD is produced annually in the United States (Miller and Callaghan 2004) . LKD is mixtures of dusts from finely ground limestone kilns. In the kilns, limestone (CaCO 3 ) is converted to quick lime (CaO). Depending on the amount of lime-derived material in the dust, LKD can have a high-calcium cation exchange (CCE) capacity and can be an effective soil liming material. The LKD is potentially useful in stabilizing a variety of soils (i.e., sandy and clayey soils), which in turn showed a cost-effective way of recycling the byproduct.
In this paper, we present a study of evaluating the effectiveness of self-cementing Class C FA and LKD for soft clay stabilization. Both static and cyclic triaxial compression tests were conducted to understand the fundamental behaviors of the stabilized soil. The effects of FA percentage, confining pressure, curing time, number of load cycles, and deviator stress on the strength gain, resilient modulus, and accumulated permanent strain were thoroughly examined. Correlations between resilient modulus, curing time, permanent deformation, and UCS were established.
Test Materials
Class C FA and LKD were used as two different types of chemical stabilizers in this study. FAs were first obtained from five thermo power plants in the state of Missouri. A series of characteristic tests according to ASTM D 5329 (ASTM 2004) and modified set time tests (Kang et al. 2013) were carried out to determine the proper setting time of FA. Clayey soils obtained from Atchison and Putnam construction sites were selected in this study. According to the Unified Soil Classification System (USCS), the clay from Atchison County was classified as low-plasticity clay (CL) while the soil from Putnam County was classified as high-plasticity clay (CH). Table 1 summarizes the Atterberg limits of the two soils. 
Specimen Preparation
The specimens for resilient modulus tests were constructed by static compression. Natural soil was first air dried, pulverized, and mixed with dry stabilizers (FA or LKD), then followed by the addition of target water content. Both treated and untreated soil samples were built at optimum moisture content in accordance with the data from standard proctor test [ASTM D698 (ASTM 2012)] with specimen size 71.1 mm in diameter and 142.2 mm in height. Each specimen was statically compressed in five equal layers in a cylindrical mold. Afterwards, specimens were carefully extruded for immediate resilient modulus tests or wrapped with plastic wrap, double sealed in resealable plastic bags, and stored in 100% humidity-moist room for curing. When the curing periods (1, 7, 14, and 28 days) were reached, specimens were carefully transferred and placed in the triaxial cell for resilient modulus tests. During the resilient modulus test, the triaxial chamber base was fixed to the load frame and extreme care was taken to ensure a proper uniform seating of the sample on the triaxial base and a good alignment and contact among the loading piston, ball bearing, and the specimen. Any improper seating, detach, bad alignment, or triaxial base movement would result in great errors in interpreting the true resilient properties.
Test Procedures
In general, remolded Atchison soil is weaker than Putnam soil (based on the UCS and field observation). Because the FA is more common in the market than LKD, the FA and Atchison soil were taken as major chemical stabilizer and major soil in this research. Proctor compaction tests on the chemically treated soils were carried out followed by the ASTM D698 (ASTM 2012). UCS was determined in accordance with ASTM D 2166 (ASTM 2013 . Test specimens were cured at 0, 1, 7, 14, and 28 days, respectively, before each unconfined compression test was carried out. The strain rate was kept at 0.21%=min until the specimen failure.
The resilient modulus tests were conducted by using an MTS 858 testing system equipped with a closed loop servo-controlled hydraulic loading system, Geotechnical Consulting and Testing System (GCTS) Scon digital controller, computer, and data acquisition system. Two vertical linear variable differential transformers (LVDTs) were symmetrically placed on top of the specimen to measure the axial displacements. The applied load was measured by a load cell mounted on the loading piston and an air pressurized chamber was used to accommodate the specimen during the test. Prepared specimens were carefully transferred into the triaxial chamber before each test. The resilient modulus tests were carried out followed by the AASHTO-T307 (AASHTO 2007) standard test protocol. Samples were tested under five different deviator stresses and three different confining pressures. Therefore totally 15 loading stages could yield 15 different M r values for each sample. The applied cyclic deviator stress was in a Haversine shape whose pulse was about 0.1 s duration and rested for 0.9 s before the subsequent pulse. Five hundred cycles of repeated cyclic loading were applied for sample conditioning before each test and 100 cycles of cyclic loading were applied for each deviator stress under different sets of confining pressures. The resilient strain under deviator stress for the last five cycles of each loading stage was measured by the LVDTs (which have a full scale of plus or minus 0.1 in.) and averaged deformation response from both LVDTs was used to calculate the resilient strain and M r values. 
Test Results
Moisture Density Relationship Fig. 2 presents the results obtained from the standard proctor compaction tests of both treated and untreated soils. Each test was performed within 30 min after mixing. Generally, the maximum dry density of Atchison soil is higher than that of the Putnam soil. As the FA content increased, the maximum dry unit weight also increased gradually. Table 2 shows the tabulation of the maximum dry unit weight of each FA/LKD soil mixture. Based on the data in Table 2 and Fig. 2 , the addition of FA was found to increase the maximum dry unit weight of the treated soil. The reason for the maximum dry unit weight increase was believed that the finer particles of FA (normally smaller than #200 sieve) were squeezed into the voids of soil particles (silts and sand) during compaction, thus resulting in an increase in the maximum dry density (McMaius and Arman 1989) . Another possible reason might be that the pozzolanic products (geopolymers) induced from FA hydration may fill in the pore voids, which in turn densified the soil. The optimum water content decreased as the amount of FA increased in the mixture. This decrease might be attributed to the progressive hydration process of the FA that consumed much of the water inside the voids (Zia and Fox 2000) .
UCS
Figs. 3 and 4 show the UCS test results of chemically treated soils. The UCS increased with the FA content increased. The UCS of the remolded clays from Atchison and Putnam were 138.1 and 160.2 kPa, respectively. At initial blending of 10% FA the UCS of the FA-Atchison soil mixture increased to 181.2 kPa. As the curing time increased, the UCS increased gradually. When the 28 days of curing time were reached, all the UCS has gained the highest strength. A 10% FA sample gained its most strength at about 28 days; however, 15 and 20% FA gained most of the strength between 7 and 14 days. This indicated that the rate of strength gain is different with different FA content. In other words, it means that the sample stiffening speed increased as the FA mixing ratio increased. The extra addition of FA, however, did not influence the final UCS because all the samples have approximately the same UCS at 28 days of curing. If given enough time for soils to react with the FA, 10, 15, and 20% FA samples would have the same final UCS. Fig. 4 shows the efficiency of the LKD in stabilization. The general trend was similar to FA treated soil, whereas the LKD mixing ratio increased, the UCS increased, and as the curing time increased, the UCS also increased. The LKD treated soil gained most of the strength between 14 and 28 days, before which the strength increase was relatively slow.
Resilient Modulus (M r )
The M r tests were carried out in accordance with the AASHTO-T307 (AASHTO 2007) standard test protocol for base and subbase materials. The FA soil mixtures were prepared at optimum moist content (OMC) and compacted in five layers into a split mold by static compaction. In order to maintain good sample quality and model the OMC condition, the equivalent compaction energy from the static compaction load (sample preparation process) and the standard proctor load were calculated and compared (Fig. 5 Resilient modulus tests were performed on FA and LKD treated and untreated control soils. Table 3 presents the M r test results of the treated and control soils. Testing results indicated that the M r of the mixtures changing with the variation of the confining pressure and deviator stress.
Resilient modulus of soil is stress dependent, the confining stress and deviator stress all influence the M r values. It is reported that M r increased with the increase of confining stress, and decreased slightly as the deviator stress increased (Fredlund et al. 1977; Chang et al. 1991; Puppala et al. 2003; Wen et al. 2010; Pinilla et al. 2011) . Therefore, to correlate the M r with changes in stress, M r test results were analyzed with respect to the confining and deviator stresses. Fig. 7 shows the averaged M r values of the treated and untreated clays under different confining pressures. The plot demonstrated that an increase in the confining pressure could result in an increase in the M r , but this increase is not significant. The increase was believed due to the strong confinement from the confining pressure, and it could result in a closer cementation bonding of soil particles. Since the increase of the M r was not significant, it could be concluded that the confining pressure did not have a strong influence on the increase of M r for the FA soil mixtures.
To understand the effects of deviator stress, the M r values from Table 2 were plotted against the deviator stresses at the confining stress of 27.6 kPa (Fig. 8) . In general, an increase in the deviator stress resulted in a decrease of the M r . The trend in confining pressures at 41.4 and 12.8 kPa were the same as those plotted in Fig. 8 . The reason for the reduction of the M r was attributed to the loadinduced damage that took place inside the specimen, so that the soil softens and weakens, however, the reductions were not significant for the FA modified soil, which indicated that the deviator stress has less influence on the reduction of the M r values.
FA soil mixtures are expected to gain stiffness with increasing of the curing time; therefore, the resilient modulus is believed to be a property that is relevant to the curing time. Resilient modulus tests were carried out on soils at different curing periods, ranging from 1 to 28 days, to evaluate the curing time effects on the M r . Fig. 9 shows the effect of curing time of the M r at confining pressure of 27.6 kPa, deviator stress at 68.9 kPa. The control soil is plotted at the bottom to serve as a baseline. In general, the M r increased as the curing time increased, however, within 7 days, the increase of the M r was not significant; most of the strength was gained between 7 and 14 days. Between 14 and 28 days, slight additional strength increase occurred. 2.00 4.00 6.00 8.00 10.00 12.00 14.00
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Fig. 5. Static compaction load versus displacment
In order to quantitatively analyze the M r improvement, regression equations were developed to fit the improved M r values over the curing period
where a = improved M r after 1 day of curing; T = curing time; and b = exponential rate of improvement. In previous studies, many researchers have employed the exponential equations to model the improvement of the M r (Khoury and Zaman 2004; Liang et al. 2008; Yang et al. 2008; Pinilla et al. 2011) . Puppala et al. (2003) reported that the M r showed an asymptotic trend as deviator stress increased at any confining pressure, as show in Fig. 6 . As discussed, M r values are dependent on the confining pressure and deviator stress. Therefore, in this research, the M r values obtained at the highest deviator stress were adopted to represent the M r because the highest deviator stress could represent the extreme condition in the field. The improvement of the M r was found in a power trend as the curing time increased (Figs. 10 and 11 ). An error bar was plotted in the figures to show the variation of the data points. Regression curves were plotted in the black line and the regression equations were shown as well. The regression curves smoothly fit the strength gain of the treated soil, and high-regression coefficient R-squared values have been achieved (0.987 and 0.9555, respectively).
Permanent Strain
Other than M r , permanent strain is also an important character for evaluating a base material, because it is closely related to the rut resistance. Typically, transportation agencies use static soil parameters such as California bearing ratio (CBR), unconfined compressive strength, and undrained unconsolidated shear strength to design a flexible pavement; however, in practice, the soils are This helps predict the remaining life of a pavement structure and increase the margin of safety in pavement design. Therefore, the relationship between the M r and the permanent strain was established. The M r versus permanent strain relationship was found nonlinear that could be expressed in the following equation:
where A and B = regression coefficients. The permanent strain ε was measured, after reaching the end of sample conditioning (first 500 load cycles), by averaging the readings from the LVDTs. Fig. 12 presents the variation of M r values versus the permanent strain of all the chemically modified soils at the end of conditioning. The M r decreased with increasing of the permanent strain at a rapid rate. The flat curve in Fig. 12 shows that materials with different additives had similar resilient modulus, but exhibited different permanent strains. In pavement design, the pavement system needs to resist permanent deformation. The permanent strain is strongly dependent upon the stiffness and elastoplastic behavior of the stabilized soil. Essentially, only elastic deformations are permitted in the pavement. According to the shakedown theory (e.g., Werkmeister et al. 2001 ), there exists a shakedown limit. Below the critical stress level, the permanent deformation ultimately reaches a steady level, while above the critical stress level, the permanent deformation grows progressively, and eventually leads to failure. Fig. 12 reveals that small permanent strain correlated with higher M r values, and at the same M r , the permanent strain could vary significantly. Therefore, the permanent strain should be considered in pavement design.
Relationship Between M r and UCS
In order to find out a cost-effective way to estimate the M r values and incorporate it into pavement design, the M r data was correlated with the UCS at 28-day strength. The trend was modeled by a linear regression equation, and it was found that as the UCS increased, the M r at 28 days also increased (Fig. 13 )
The regression coefficient α represented the slope of the M r increase corresponding to the UCS. The coefficient β is the M r value when the UCS is zero. The correlation between UCS and M r is a fast and cost-effective way for engineers to determine the M r in practice without conducting the M r test.
Discussion
Effect of FA
Results from mechanical tests, such as proctor compaction test, unconfined compression test, and resilient modulus test all showed that Class C FA could effectively stabilize soft soils, increase the maximum dry unit weight, improve the UCS, and enhance the resilient properties. The major reason was attributed to the pozzolanic reactions that enhanced the physicochemical bonding between soils and FA particles (Saylak et al. 2008; Lloyd et al. 2009; Horpibulsuk et al. 2009; Shon et al. 2010) . Based on the observed test data, the strength enhancement of the FA soil mixture could be categorized into two groups: the short-term strength gain and long-term strength gain, respectively. The long-term strength gain is attributed to the pozzolanic reactions. The reaction rate and strength gain are promotional to the consumption of CaðOHÞ 2 . Generally the pozzolanic reaction is slow and is even slowed further by the formation of a shell of calcium silicate hydrate (CSH) gel around FA particles. 27.6kPa
13.8kPa The short-term strength gain of FA soil mixture is usually attributed to the cation exchange process. When FA is added to soil, FA particles would react with moisture and start hydration. Due to hydration, large amounts of minerals, such as lime (CaO), anhydrite (CaSO 4 ), periclase (MgO), quartz and tricalciumaluminate are dissolved, thus the conductivity of the solution increased gradually (Fig. 14) . The trivalent cation (Al 3þ ) and divalent cation (Ca 2þ ) available from FA are attracted to clay particles by cation exchange process. Lower valence cations (H þ , Na þ , and K þ ) are being replaced by those higher valence cations. The electrolyte concentration in the soil matrix is thus increased and the electrical diffuse double layer (DDL) at the particle-liquid interface is compressed. The adsorption of cation (Al 3þ , Ca 2þ ) and reduction of the thickness of the DDL promotes the particulates to flocculate. Flocculation results in increased pore solution surface tension, producing an increase in the apparent cohesion between soil particles, and thus improves the early strength and workability. This assumption could be directly supported by the increase of the pore fluid conductivity that is measured from the FA-water system, and indirectly supported by the observations of the change in the moist-density relationship and the initial UCS gain.
Effect of Curing Time
The effect of curing time has a close relationship with the pozzolanic reactions. SEM technique was adopted to verify the microstructure change of the FA treated soil. In general, FA particles are hollowed spheres varied in size under SEM [ Fig. 15(a) ]. Most of the FA particles were smooth, however some relatively oversized particles had high outlines. Small FA particles either clustered together or adhered to larger grains. Local heterogeneous particle distributions could be observed. Fig. 15 shows some vitreous unshaped fragments can be seen in the FA samples (Xu and Sarkar 1994; Wang et al. 2003) . Once FA is mixed with soil, the mixture started setting and hydration points around FA particles could be readily detected under SEM [Figs. 15(b and c) ]. As curing time increased, a shell of hydration gel would form which bound soil particles tightly with its adjacent FA particles. Finally, the hydration shell bridged the soil FA particles and the mixture enhanced as integrity at the end of curing [ Fig. 15(d) ]. In macroscale, the hydration products filled up the voids of the mixture, with particles all aggregated and bridged with each other. The bridge and aggregation in turn altered the stress-strain response at macroscale. Apparently, the stabilized soil had low porosity and a dense microstructure; therefore, it yielded high strength and resilient modulus, and less compressibility (less permanent strain).
The USC gain and M r values are largely dependent on the curing time. Figs. 3 and 4 showed that the UCS was enhanced by the addition of FA and LKD. However, the amount of the FA in the modified soil might only influence the speed of the strength gain but not influence the ultimate UCS. In other words, the higher the FA content, the faster the strength gain. Zia and Fox (2000) reported that higher FA content samples developed most strength within 7 days, and low FA content samples needed to develop strength up to 14 days. The findings in this research are consistent with Zia and Fox (2000) , indicating that the strength development was affected by the FA content not by the final strength. This was attributed to the reason that at higher FA content, shrinkage cracks may develop inside the specimens, and the cracks maybe prominent at high FA contents. Since the final strength showed the same, it probably indicated that the invisible shrinkage cracks that developed inside the specimen governed the final strength. Therefore, great caution should be taken when stabilizing soil with high volume of FAs. Generally, the amount of Class C FA should be controlled by within 15% so that it has a moderate time of setting and does not result in shrinkage cracks inside the specimen.
Curing time also influences the improvement of resilient modulus of the FA modified soil. Fig. 9 shows the average increase of the M r of five treated soils. As the curing time increased, the M r values increased gradually. In order to quantitatively analyze the M r improvement and better understand the effectiveness of the stabilization, regression equations were developed to fit the M r values over the curing period. Figs. 10 and 11 presents the regression results. The power regression curve showed its advantages in modeling the improvement of the M r . Coefficient a is the M r value at 1 day of curing, b represents the improvement rate. The 10% FA sample had a regression coefficient a ¼ 92.707 MPa and b ¼ 0.2428. Both a and b values of 20% FA sample were found relatively higher than that of the 10% FA sample. This indicated that higher FA could yield a high M r and increase the M r improvement rate. The two regression coefficients are related to the intrinsic properties of the treated soils and additives. If enough test results are obtained, a database of the coefficients a and b could be established based on the soil type and additive type. The database could then be served to estimate the M r at a given curing time of certain types of soils stabilized by different stabilizers. The regression model could guide engineers to design in the construction site, for example, if engineers need the 7 day M r of the subbase material, by selecting the proper values of a and b, the 7 day M r then could be readily obtained without carrying out any M r test. 
Conclusions
A laboratory testing program which included standard proctor compaction test, unconfined compression test, and resilient modulus (M r ) test was conducted on chemically stabilized Missouri subgrade soils to develop correlations for estimating the resilient modulus from basic soil properties. High-quality test samples were obtained by a proposed static compaction method. Repeatability study was performed to check and ensure the consistency of the test results. The microstructure of the treated soil was analyzed by the SEM technique. Test results revealed that the addition of Class C FA could increase the dry unit weight, enhance the unconfined compressive strength, and improve the resilient modulus. M r improvement with curing time was modeled by a power law equation for the chemically stabilized soils. The power law regression curves developed in this research showed its compatibility to fit the improvement of the M r . Correlations between the UCS and resilient modulus have also been developed. The findings would be useful to evaluate the stabilization of soft clays with FA in Missouri and offer cost-effective ways for predicting the resilient modulus in engineering practice. The FA stabilization mechanism was discussed. The FA-soil-water system's electrical conductivity change indicated that the short-term strength gain was attributed to the cation exchange and compression of the diffuse double layers. The resilient modulus alone does not properly characterize the pavement base materials. The pavement design should consider the permanent deformation in addition to the resilient modulus so as to properly characterize the pavement design. Since the permanent deformation response is affected by several factors, further research should concentrate on the influencing parameters such as aggregate type and gradations.
